Perovskite oxide based thin film gas sensors have long been considered as potential alternatives to commonly investigated binary metal oxides based sensors. BiFeO3, which is a prototype of ptype perovskite based semiconducting oxides, has recently drawn significant attention for its promising gas sensing characteristics. In the present work, the hydrogen sensing characteristics of calcium doped BiFeO3 has been reported by varying the film thickness, doping concentration, operating temperature, and test gas concentration. The films were deposited on glass substrates by sol-gel route using spin coating. X-ray diffraction analyses confirmed formation of phase pure films and scanning electron microscopy confirmed their uniform and dense microstructure. The Ca-doped BiFeO3 sensors exhibit higher sensitivity compared to pure BiFeO3 sensors. It is reported that the film thickness and Ca doping concentration play major role to control hydrogen sensing characteristics of the deposited films. The sensor based on 15% Ca-doped BiFeO3 sensor exhibited very high sensitivity (~212 % at 500 ppm H2), and excellent selectivity towards hydrogen at a moderate operating temperature (~250 °C).The enhanced gas sensing response of the doped BiFeO3 films has been attributed to the higher oxygen vacancy concentration induced by incorporation of aliovalent Ca 2+ .
Introduction:
Hydrogen (H2) is the most powerful alternative clean energy source, owing to its high energy density of 120−142 MJ kg −1 , which is three times that of fossil fuels. It is commercially utilized in the fuel cells of electric vehicles. [1] Besides, hydrogen is useful also as a reducing agent in variety of chemical industries. [2, 3] However, H2 which has the lowest atomic number is susceptible to leakage, has low ignition energy (0.02mJ), a wide flammable range (4−75%) and large flame propagation velocity. [4] Therefore, it is highly desirable to accurately detect hydrogen during its production, storage and use. Hydrogen gas being colourless and odourless cannot be detected by human sensory organ. It is therefore pertinent to develop highly sensitive, highly selective, and low-cost portable sensors for fast detection of hydrogen gas. One of the most promising types of such sensors is semiconducting metal oxide (SMO)-based chemoresistive gas sensors that offer high sensitivity, long-term stability, low fabrication costs, and compatibility with standard semiconductor technology. Diverse SMOs, such as ZnO, SnO2, In2O3, WO3, TiO2, CuO, NiO, etc. have been widely investigated for hydrogen detection. [5] Especially SMO based gas sensors with reduced dimension have become increasingly important as they offer possibility of on chip integration with the control electronics for the purpose of developing portable sensors. [6] SMO thin film based hydrogen sensors on flexible substrates to improve their versatility have also been addressed. [7] However, in general there are several major issues associated with commonly used binary SMO based gas sensors which include high working temperature, poor stability, sensitivity and selectivity. In the quest of suitable alternative SMOs, various spinel and peorvskite based oxides have been explored. [8] [9] [10] and 5%,10%,15% doping concentration), the films have been annealed at 600˚C for 1 hour in the air for phase formation and crystallization. Interdigitated platinum electrodes have been deposited by a DC sputtering on the film surface to measure the resistance transient.
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Materials characterization
Phase formation of the BFO and CBFO thin films have been investigated by X-ray diffraction (Ultima III, Rigaku Japan) in ω -2θ geometry within 2θ range of 20˚ to 70˚ using a Cu K radiation source. The surface morphology and film thickness of the annealed films have been studied using field emission scanning electron microscopy (Merlin, Gemini 2, Germany).
Sensor measurements
A dynamic homemade computer controlled gas sensing measurement unit equipped with a temperature controller (6400 West Instruments.) and an electrometer (6517, Keithley instruments, USA) that acts as a source measure unit has been used to measure the hydrogen sensing response of the films. The concentration of the test gas was maintained using a mass flow controller (PR 4000, MKS Technology and Products). Details about gas sensing measurement set-up can be found elsewhere. [26] Gas sensing characteristics of the CBFO thin films with were systematically characterized by varying the film thickness, Ca-doping concentration, H2 concentration and temperature. From the measured value of equilibrium resistance in air (Ra) and test gas (Rg), the response of the sensor was calculated using the following relation.
Response (%) (S) = (Rg -Ra)/Ra × 100... (1) During the detection of the gases, the response and recovery times of the BFO and CBFO thin film sensors have been estimated as the times required for 90% change of their resistance from the resistance measured in air (response time, res) or the resistance measured in the test gas (recovery time rec)
Results and Discussion:
Crystal structure and morphology of thin films Figure 1 shows the grazing incidence XRD patterns of BFO and CBFO films with different Ca content. All the films exhibited a single phase perovskite structure and no impurity or secondary phase was observed. The diffraction peaks exhibited by the BFO thin film correspond to the rhombohedral structure with space group R3c (JCPDS card 01-070-5668). Diffraction peaks (104) and (110) Gas sensing characteristics of bismuth ferrite and calcium doped bismuth ferrite thin films:
The hydrogen sensing characteristics of the BFO and CBFO thin films have been measured by varying the temperature over a wide range (175°C to 300°C). Figure 4 exhibits the temperature dependent response (%) of BFO and a representative CBFO (Ca~10%, denoted as CBFO10) sensor for H2 concentration fixed at 500 ppm. In both the cases, the sensor response initially increased with temperature, attains a maximum and then reduced with further increase in the operating temperature. One reason of the reduced sensitivity at higher temperature could be the enhancement of desorption rates at the sensor surface. A detailed discussion of the plausible physical mechanism controlling such trend can be found elsewhere. [32] It is observed that the response of the CBFO10 sensor is higher compared to the BFO sensor, which indicates that partial substitution of Bi-site by Ca 2+ enhances the gas sensitivity of BFO effectively. Such an enhancement in gas sensing characteristics of BFO has been reported earlier for volatile organic compounds, which was attributed to increase in concentration of oxygen vacancies (
.. O V s) due to incorporation of p-type Ba substitution. [14] As the gas sensing properties of thin film sensors also depend on the thickness on the sensing material, CBFO10 films with different thicknesses have been investigated for their sensing response towards H2 over the same range of temperature (175-300°C) and fixed hydrogen concentration (500 ppm). All the films exhibited appreciable sensing response within the studied range of temperature. Figure 5 (a) exhibits a representative thickness dependent H2 sensing response for CBFO10 films at 225 °C. It has been found that regardless of the operating temperature, the response increases with film thickness up to ~417 nm, and deteriorates on further increase of the film thickness. Similar thickness dependence of response towards reducing gases has previously been reported earlier for SnO2, ZnO and Mg0.5Zn0.5Fe2O4 thin film sensors. [10, 33, 34] Recently, a generic theoretical model has been proposed by Ghosh et al. [33] to predict the variation of sensing response with thickness in chemi-resistive thin film gas sensors. In their model it was assumed that the target gas propagates 
where, CAS: Test gas concentration at the film surface, a0: pre exponential constant, Ea: activation energy of the transduction process, Ek: activation energy of the first order kinetic reaction, T:
operating temperature, n: sensitivity, R: gas constant, In order to address the selectivity of CBFO thin films, sensing characteristic of the 417 nm, CBFO15 film has been measured also for carbon monoxide (CO) and methane gas(CH4). Figure 8 compares the response (%) of the CBFO15 sensor under 500 ppm CO, CH4, H2. At high temperature (> 250°C) the sensor suffers from cross sensitivity (for CO and H2). However, for working temperature ≤ 250°C, CBFO15 exhibits superior sensitivity towards hydrogen compared to CO, and CH4.
In Table 2 , hydrogen sensing characteristics (e.g. response, operating temperature, response and recovery time, test gas concentration) of the present CBFO15 sensor have been compared with those reported for different other SMO thin film based sensors reported earlier.
Inspecting the table, it is clear that H2 sensing characteristics of CBFO thin film is superior compared to many of the routinely investigated conventional oxide based sensors.
Conclusions
The BFO and CBFO thin films have been fabricated on glass substrate by spin coating sols synthesized via wet chemical route using nitrate based precursors. The numbers of coating (4, 8, 12 and 16 times) and firing cycles have been repeated to synthesize films with varying thickness of the CBFO samples. Further, the Ca-content in CBFO was also varied in the range of 5%-20%. The phase formation behavior and evolution of microstructure in the fabricated films have been investigated using x-ray diffraction pattern and scanning electron microscopy. All the samples have been found to be crystalline and a change in the crystal structure was apparent with changing the Ca-concentration. Grain size in the CBFO films was found to reduce with increasing concentration of Ca. Hydrogen sensing response of the thin films was measured by varying their operating temperature (175°C to 300°C) and concentration of H2 gas (20 to 500 ppm). CBFO films exhibited superior response compared to BFO and the highest response was obtained for the sample with 15% Ca (~212 %) at a moderate operating temperature of ~250 °C.
The sensor was able to detect efficiently very small concentration of H2 as low as 20 ppm and found to be highly selective towards H2, in comparison to CO or CH4 at the operating temperature of maximum response. These results in comparison to conventional oxide thin film based sensors reported earlier confirm that the CBFO films are promising sensing materials for the development of low-cost, high-performance H2 gas sensors. 
